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PATENTS 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 
In re application of 

Xavier LEVECQ et al. Box Non-fee Amendment 

Serial No. (unknown) GROUP 
Filed herewith Examiner 

METHOD AND DEVICE FOR ANALYSING A HIGHLY DYNAMIC WAVE FRONT 

PRELIMINARY AMENDMENT 

Commissioner for Patents 

Washington, D.C. 20231 

Sir : 

Prior to the first Official Action and calculation 
of the filing fee, please amend the above-identified applica- 
tion as follows: 

IN THE CLAIMS : 

Please amend claims 4-5, 7 and 10-13 as follows: 

— 4. (Amended) A method according to claim 2, character- 
ized in that the phase of the wavefront to be analysed being 
resolvable on a base of known polynomials, the high-pass 
filtering (361) applied to a file consists of subtracting, 
from this file, the contributions due to a given number of 
these polynomials . -- 



Xavier LEVECQ et al. 



— 5. (Amended) A method according to claim 3, character- 
ized in that comparison (363) of the files after filtering 
is carried out by means of a correlation operation. -- 

— 7. (Amended) A method according to claim 1, character- 
ized in that it comprises in addition a stage (39) of recon- 
struction of the phase of the wavefront, making it possible 
in particular to determine the exact value of the deflection 
of the wavefront.— 

--10. (Amended) A device according to claim 8, character- 
ized in that at least one local variation of the structure of 
the array is a controlled variation, introduced during 
manufacture of the array. — 

--11. (Amended) A device according to claim 8, character- 
ized in that the general form of the frequency distribution of 
the slopes of the wavefront being known, local variations are 
introduced into the structure of the array in such a way that 
the frequency distribution of the contribution due to these 
local variations is adapted to the said general form.-- 
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Xavier LEVECQ et al. 

--12 . (Amended) A device according to claim 8, charac- 
terized in that at least one local variation of the struc- 
ture consists of a difference in the position of one or more 
adjacent microlenses, the contributions taken from each of 
the two files to be compared (36) being the contributions 
due to the local variation in the positions of the spots. 

— 13. (Amended) A device according to claim 8, charac- 
terized in that at least one local variation of the struc- 
ture consists of a variation in transmission of one or more 
adjacent microlenses, the files (32, 35) in addition associ- 
ating with each subaperture, the intensity of the spot 
originating from the said subaperture, the contributions 
taken from each of the two files to be compared (36) being 
the contributions due to the local variation in the intensi- 
ties of the spots. -- 
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Xavier LEVECQ et al. 



REMARKS 



Claims 4-5, 7 and 10-13 were amended to correct multi- 



ple dependency. Attached hereto is a marked-up version of 



the changes made to the claims by the current amendment. 



The attached page is captioned "VERSION WITH MARKINGS TO 



SHOW CHANGES MADE" . 



Respectfully submitted, 
YOUNG & THOMPSON 



Benoit Castel 
Attorney for Applicant 
Customer No. 000466 
Registration No. 35 f 041 
745 South 23 rd Street 
Arlington, VA 22202 




July 16, 2001 
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"VERSION WITH MARKINGS TO SHOW CHANGES MADE" 



Claims 4-5, 7 and 10-13 have been amended as follows: 

4. (Amended) A method according to one of the claims 2 
or 3, claim 2, characterized in that the phase of the wave- 
front to be analysed being resolvable on a base of known 
polynomials, the high-pass filtering (361) applied to a file 
consists of subtracting, from this file, the contributions 
due to a given number of these polynomials. 

5. (Amended) A method according to one of the claims 3 
or 4, claim 3, characterized in that comparison (363) of the 
files after filtering is carried out by means of a correla- 
tion operation. 

7. (Amended) A method according to one of the preceding 
claims, claim 1, characterized in that it comprises in addi- 
tion a stage (39) of reconstruction of the phase of the 
wavefront, making it possible in particular to determine the 
exact value of the deflection of the wavefront. 

10. (Amended) A device according to claim 8 or 9 , charac- 
terized in that at least one local variation of the structure 
of the array is a controlled variation, introduced during 
manufacture of the array. 
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11. (Amended) A device according to one of the clai ms 0 to 
-3r6-rclaim 8, characterized in that the general form of the 
frequency distribution of the slopes of the wavefront being 
known, local variations are introduced into the structure of 
the array in such a way that the frequency distribution of the 
contribution due to these local variations is adapted to the 
said general form. 

12. (Amended) A device according to one of the claims 0 to 
ttyclaim 8, characterized in that at least one local variation 
of the structure consists of a difference in the position of 
one or more adjacent microlenses, the contributions taken from 
each of the two files to be compared (36) being the contribu- 
tions due to the local variation in the positions of the 
spots . 

13. (Amended) A device according to one of Lhe claims 0 
to 12, claim 8, characterized in that at least one local 
variation of the structure consists of a variation in trans- 
mission of one or more adjacent microlenses, the files (32, 
35) in addition associating with each subaperture, the 
intensity of the spot originating from the said subaperture, 
the contributions taken from each of the two files to be 
compared (36) being the contributions due to the local 
variation in the intensities of the spots. 
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Method and device for analysing a highly dynamic wavefront 

The present invention relates to a method and a device 
for analysing an optical wavefront. It represents an 
5 improvement of the methods of wavefront analysis based on 
local measurement of the slope of the wavefront. 

Analysis of a wavefront by local measurement of the 
slope (corresponding to the local derivative of the phase of 
the wavefront) is for example the principle of wavefront 

10 analysers called "Shack-Hartmann array" wavefront analysers. 
Generally they have an array of spherical microlenses and a 
array detector, each microlens focusing the surface element 
of the wavefront intercepted by the subaperture 
corresponding to the microlens, thus forming a light spot on 

15 the detector. The local slope of the surface element is 
determined from the position of the spot on the detector. 
Actual analysis of the wavefront surface, i.e. 
reconstruction of the phase of the wavefront for example on 
a base of polynomials, can be obtained by integration of the 

2 0 local measurements of the slope. Other types of analysers 

work on a line of the wavefront. Cylindrical microlenses 
arranged linearly and a detector with linear geometry are, 
for example, used in this case. In the same way as in the 
Shack-Hartmann array type, the local slopes of the wave line 
25 are measured from the positions of the spots formed by the 
microlenses . 

Generally, the method according to the invention 
applies to any type of wavefront analysers based on 
measuring the local slope of the wavefront. The term "array 
30 of microlenses" will be used hereinafter for any set of 
microlenses for use in this type of analyser, it being 
possible to arrange the microlenses linearly or according to 
a two-dimensional array. Similarly, we shall talk of 
analysis of a "wavefront", and this analysis can relate 

3 5 equally to a part of the surface of the wavefront, in 

particular a line of the wavefront or the complete surface 
of the wavefront. 

Figure 1 shows an assembly ML of microlenses Li and a 
detector DET for implementing a method of wavefront analysis 



40 
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as described above. When a wavefront Fi enters the system, 
each microlens forms a spot Ti on the detector. To determine 
the position of the spots, generally it is assumed that a 
spot Ti formed by a given microlens Li is within an assumed 
5 localization zone Z±. This localization zone is for example 
defined by the projection on detector DET of the subaperture 
SPi corresponding to the microlens Li, as shown in Figure 1. 
This assumption offers the advantage of considerably 
simplifying the circuit for localization of the spots, thus 

10 making the system faster. Sometimes the structure of the 
array of microlenses is not perfect and may have local 
defects, for example defects in arrangement of the 
microlenses or defects relating to the size of one microlens 
relative to another. This introduces an error in the 

15 position of the spot formed. To overcome this type of 
problem, generally the positions of the spots formed from a 
reference beam that is known perfectly are subtracted from 
the positions of the spots formed from the wavefront to be 
analysed. Of course, to avoid introducing any error during 

20 this operation, it is necessary for the positions of the two 
spots formed by the same microlens to be subtracted from one 
another. If it is assumed a priori that a spot detected in a 
given localization zone has come from the subaperture that 
defines this zone, there is a risk of introducing an error 

2 5 during the subtraction operation when a wavefront has a 

considerable deflection, for example. Thus, as can be seen 
for example in Figure 1, if a wavefront F 2 has considerable 
deflection, the spot Ti formed by lens Li is within the 
assumed localization zone Zi+i corresponding to lens L i+ i. 

3 0 There is a displacement of a subaperture (in the chosen 

example) between the subaperture SPi from which spot Ti 
originates and the subaperture SPi +i defining the 
localization zone Zi+i in which the spot Ti is actually 
located. 

3 5 Of course, we always try to obtain perfect arrays of 

microlenses and the technology is advancing in this 
direction. However, the problem of knowing with certainty 
the correspondence between a detected spot and the 
subaperture from which it originated always arises, for 

4 0 example when 



we require exact measurement of the deflection using a 
device that is required to have a wide dynamic range, i.e. a 
device capable of analysing wavefronts possessing large 
deflections, among other things. In this case, to know this 
correspondence with certainty, it is necessary to be able to 
measure the displacement between the subaperture from which 
the spot originated and the subaperture that defines the 
assumed localization zone in which the spot is located. 

A solution has been proposed in this direction by the 
company Adaptive Optics Associates (AOA, Cambridge, MA) . 
This solution, applied to a wavefront analyser of the Shack- 
Hartmann array type, is explained in the article "Hartmann 
sensors detect optical fabrication errors" (LASER FOCUS 
WORLD, April 1996) . It consists, in the course of 
measurement, of bringing the detector of the array of 
microlenses closer, in such a way that, regardless of the 
local slope of the wavefront being analysed, all the flux 
collected by a subaperture is located totally within the 
assumed localization zone defined by this subaperture. Then 
the detector is moved farther away from the array of 
microlenses as far as its normal working position while 
following the position of the spot. It is thus possible to 
detect whether it changes zone. This solution has some 
drawbacks. In particular, it necessitates movement of the 
detector, which involves mechanical constraints in the 
system and the risk of introducing an error in the 
measurement, because of possible deflection of the detector, 
or poor axial repositioning during movement. Furthermore, 
this calibration operation must be repeated for each 
analysis of a new wavefront. And even in the course of 
analysis of a wavefront, since the correspondence between a 
spot and the microlens from which it originated is 
determined by following the position of this spot, if this 
position is lost (for example because the flux is cut off 
momentarily) , the correspondence is no longer certain and 
recalibration becomes necessary. 

To overcome these drawbacks, the present invention 
proposes another solution permitting exact measurement of 
the parameters of the wavefront and in particular of its 
deflection. It consists of choosing an array of microlenses 
having one or more local variations of its structure. 
According to one example 
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of implementation, each local variation can be a difference 
in positioning of one or of several microlenses. This 
variation can be an unwanted defect of the array or a local 
variation introduced in a controlled manner during 
5 manufacture. Comparing the positions of the spots formed 
starting from a wavefront to be analysed with the positions 
of the spots formed for example starting from a known 
reference wavefront, it is possible, owing to the presence 
of the local variation of structure which for example 

10 introduces variations in the positions of certain spots, to 
measure any displacement between the subaperture from which 
a detected spot originated and the subaperture that defines 
the assumed localization zone in which the spot is located. 

More specifically, the invention relates to a method of 

15 wavefront analysis based on local measurement of the slope 
of the wavefront, the method comprising a stage of wavefront 
acquisition consisting of: 

- a stage of detection of the wavefront especially by 
means of an array of microlenses, a detector and means for 

20 processing the signal; each microlens defines an indexed 
subaperture, and focuses a surface element of the wavefront, 
intercepted by the said subaperture; a spot is formed on the 
detector which delivers a signal; an assumed localization 
zone of the spot on the detector is defined for each 

2 5 subaperture . 

- a stage of processing of the signal supplied by the 
detector, permitting establishment of a measurement file; 
this file associates in particular with each subaperture in 
the localization zone from which a spot is detected, the 

3 0 position of this spot, each subaperture being referenced by 

its index. 

The method is characterized in that it further comprises: 

* prior choice of an array of microlenses having at 
least one local variation of its structure, 
35 * a preliminary stage of characterization of this array 

making it possible to establish a reference file associating 
in particular with each subaperture, referenced by its 
index, the position of the spot that originated from the 
said subaperture when the subaperture is illuminated by a 

4 0 known wavefront, the file data including 
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a contribution due to the local variation of the structure 
of the array, 

* during each wavefront analysis , 

- establishment of the measurement file, the file data 
5 also including a contribution due to the local variation of 

the structure of the array, 

- comparison of the said contributions taken from each 
of the two files, this comparison making it possible to 
determine any displacement in number of subapertures between 

10 these two contributions and to deduce therefrom with 
certainty the correspondence between a detected spot and the 
subaperture from which it originated, 

- knowing this correspondence, and on the basis of the 
measurement file and the reference file, calculating the 

15 average slope of the wavefront on each surface element 
intercepted by each subaperture illuminated by the 
wavefront . 

The method according to the invention thus makes it 
possible, without movement of the detector, to determine the 

2 0 correspondence between a detected spot and the subaperture 

from which it originated without having to undertake a new 
calibration operation for each wavefront analysis. This 
permits, in particular, exact measurement of the deflection 
of an incident wavefront and so gives the analyser a very 

25 wide dynamic range of measurement. The invention also 
relates to a device for wavefront analysis applying the 
method according to the invention. Other advantages and 
characteristics of the invention will become clearer on 
reading the description given below, illustrated by the 

30 following appended drawings, where: 

Figure 1 (already described) shows an array of 
microlenses and a detector for applying an example of a 
method of wavefront analysis according to the prior art; 

Figures 2A to 2D show an example of application of 

3 5 the method according to the invention; 

Figure 3 gives an overview of an example of 
application of the method according to the invention. 

The device according to the invention comprises in 
particular an array ML of microlenses Li (see Figure 1) , a 

4 0 detector DET and means (not shown) for processing the signal 

supplied by the detector. Each microlens Li defines a 
subaperture SPi, indexed for example by an integer ranging 
from 
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1 to n, where n is the number of microlenses in the array. 
During analysis of a wavefront, each microlens Li 
illuminated by the wavefront focuses a surface element of 
the wavefront, intercepted by the subaperture SPi defined by 
5 this microlens, to form a spot Ti on the detector. The 
processing means make it possible to process the signal 
supplied by the detector in order, in particular, to 
establish a measurement file associating, with each 
subaperture in the localization zone from which a spot is 

10 detected, the position of this spot. The position of each 
spot on the detector is determined for example by taking 
into account the barycentre of the spatial distribution of 
light energy constituting the spot. We saw earlier that the 
assumed localization zone (designated Zi in Figure 1) , 

15 corresponding to a subaperture SPi, can be defined by the 
projection of the subaperture SPi on the detector DET . In 
this case it is independent of the incident wavefront. The 
localization zone can be defined differently. For example, 
it can be "floating"; that is, the assumed localization zone 

20 of a subaperture is defined on the basis of the position of 
the spot that originated from an adjacent subaperture. In 
this case, each localization zone has for example the same 
size but the position of the localization zone of each 
subaperture depends on the shape of the incident wavefront. 

2 5 According to one example of embodiment of the device 

according to the invention, it is assumed that these 
microlenses are of roughly equal dimensions and that the 
pitch of the array, defined by the distance between the 
optical centres of two adjacent microlenses, is roughly 

3 0 constant. 

In the method according to the invention, the array ML 
of microlenses has at least one local variation of its 
structure. The structure of the array relates to the 
arrangement of the microlenses relative to one another as 

35 well as the inherent parameters of the microlenses: size, 
transmission, etc. Local variation of the structure also 
means, for example, a variation in positioning, size or 
transmission of one of the microlenses or of some adjacent 
microlenses. This variation may for example be an unwanted 

40 defect of the array of microlenses, a defect due to the non- 
reproducibility of the method of manufacture of the 



7 



array. It may also be a perfectly controlled variation, 
introduced intentionally during manufacture. In what follows 
we consider the example of an array of microlenses with 
roughly constant pitch, with the local variation consisting 
5 of a difference in positioning of some adjacent microlenses 
relative to the expected position of these microlenses. 

In this example, a variation of the structure is 
reflected, during wavefront analysis, in differences on the 
detector, of the positions of the spots originating from the 

10 subapertures involved in this variation. In the chosen 
application example, we consider a local variation of the 
array structure introduced in a controlled manner during 
manufacture. Figure 2A shows, when the array of microlenses 
is illuminated by a plane wavefront, an example of a 

15 distribution of the differences in positions of the spots 
relative to their expected positions if the pitch of the 
array had been perfectly constant, as a function of the 
index (ranging from 1 to n) of the subapertures from which 
the spots originated. The difference in position, given in 

20 Figure 2A in arbitrary units (a.u.), is measured for example 
by a fraction of dimension of a detector element. Generally 
speaking, the local variation of the array used in the 
device according to the invention, which is reflected here 
by a given distribution of the differences in positions of 

2 5 the spots, must not be able to be interpreted during 
analysis of a wavefront as a component of that wavefront. In 
other words, the distribution of the differences in 
positions of the spots resulting from acquisition of the 
wavefront to be analysed must be distinguishable from the 

30 distribution resulting from the local variation. This is 
possible because to be able to be analysed correctly, an 
incident wavefront must have slow variations of its slope 
relative to the size of the subapertures, which is reflected 
in slow fluctuations of the distribution of the differences 

35 in positions of the spots as a function of the index of the 
subapertures. Thus, in the example of embodiment of the 
device according to the invention described here, the 
variation of the structure of the array must be such that it 
is reflected in the distribution of the differences in 

40 positions of the spots by faster fluctuations or, if 
reasoning in the frequency range 
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by considering the spectral distribution of the differences, 
it must be reflected in frequency components higher than 
those due to the wavefront to be analysed. The form of 
distribution shown in Figure 2A constitutes an example, and 
5 from the moment that the variation remains local, other 
forms of distributions are acceptable. 

In the example illustrated in Figure 2A, a single local 
variation of the structure is considered. Advantageously, 
the array can have several of them, so that even if it is 

10 not completely illuminated by the incident wavefront, at 
least one of these local variations would be illuminated. In 
this case, the set of variations must be such that it is 
also translated, in the spectral distribution of the 
differences, by frequencies higher than that of the 

15 wavefront to be analysed. 

Figure 3 gives an overview of an example of application 
of the method according to the invention adapted to the 
example described above. According to the invention, the 
method includes, in addition to preliminary choice 3 0 of the 

2 0 array ML having at least one local variation of its 
structure, a stage 31 of characterization of this array ML. 
This stage permits establishment of a reference file (32) 
which, in the example chosen, associates with each 
subaperture, referenced by its index, the position of the 

25 spot originating from the said subaperture when the latter 
is illuminated by a known wavefront. The data of the 
reference file include a contribution due to the local 
variation of the structure of the array. Thus, it will be 
possible to know, during analysis of a wavefront, the 

30 contribution of this local variation to the positions of the 
spots on the detector. This stage of characterization of the 
array of microlenses is effected once, before or during 
placement of the array in the analyser and it does not have 
to be carried out again in the normal course of use of the 

35 analyser. It is sufficient to keep the reference file in the 
memory; it is this file that will be used during each 
wavefront analysis. Various methods are possible for 
characterizing the array. If the method of manufacture is 
perfectly controlled, in such a way that the structure of 

40 the array is known exactly and the local variations 
introduced into this structure are fully controlled, the 
reference file can be established in a theoretical manner, 
by calculating 
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the position of the spot originating from each subaperture 
when the array is illuminated for example by a plane 
wavefront without deflection. As in the example in Figure 
2A, the position of the spots can be expressed as a 
5 difference of position when for example the pitch of the 
array of microlenses is constant. In the example in Figure 
2A, the difference in the position of each subaperture as a 
function of the index of the said subaperture is determined 
in the case when the array is illuminated by a plane 

10 wavefront, without deflection. If the manufacturing process 
is not perfectly controlled, it is necessary to analyse the 
structure of the array once it has been made. This can be 
carried out by any known means of characterization. 
Advantageously, it is possible to establish the reference 

15 file by sending a known wavefront to the analyser containing 
the array. This has the benefit of characterizing the array 
once it is arranged in the analyser. This wavefront is for 
example a spherical wave whose characteristics are well 
under control. Thus, whether the local variation is an 

20 uncontrolled defect of the structure or a variation 
introduced during manufacture, the reference file makes it 
possible to identify it. The reference file also contains 
the contribution of any slow variations of the structure of 
the array that will have to be taken into account during 

25 analysis of a wavefront. 

Next comes the analysis 33 of a wavefront incident on 
the analyser. The example chosen to illustrate the method 
according to the invention is that of a wavefront that has 
curvature and deflection. The first stage of the analysis is 

30 acquisition 34 of the wavefront. It consists of detection of 
the wavefront in particular by means of the array ML of the 
device according to the invention, then a stage of 
processing of the signal supplied by the detector, effected 
by the processing means of the device according to the 

35 invention, and making it possible to establish the 
measurement file designated 35. The measurement file 
associates, with each subaperture in the assumed 
localization zone from which a spot is detected, the 
position of that spot. The measurement file thus contains, 

40 for each one of these subapertures , referenced by its index, 
the position of the corresponding spot. Figure 2B shows, in 
the form of a curve 22, the contents of the measurement file 
in the case of the example of the chosen wavefront, 
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analysed by means of the array of microlenses characterized 
by the reference file illustrated by curve 21 in Figure 2A. 
The curvature of the wavefront is translated by a linear 
distribution of the difference in the position of the spots 
5 as a function of the index of the subaperture. The 
deflection is translated by a constant difference in the 
position of each spot in the entire array. To simplify the 
flowchart, it is assumed that the deflection leads to a 
constant difference of two subapertures . Thus, curve 22 

10 reveals the contribution due to the wavefront (curvature and 
deflection) to which is added the contribution due to the 
local variation of the structure (variations of the 
differences similar to those of curve 21) . It is quite clear 
from this simple example that without local variation, curve 

15 22 would be a straight line, characteristic of the curvature 
of the wavefront, but that it would not be possible to 
determine the exact value of the deflection, which, in this 
example, would be regarded as zero. Consequently, there 
would be an error of correspondence between a detected spot 

2 0 and the subaperture from which it originated; this error 

could falsify the calculation of the local slope of the 
wavefront based on the position of each spot. 

In the method according to the invention, the local 
variation of the structure of the array makes it possible to 
25 determine the possible displacement (37) (measured as a 
whole number of subapertures) between the subaperture from 
which a detected spot originated and the subaperture that 
defines the assumed localization zone in which this spot is 
located, and deduce this correspondence with certainty 

3 0 therefrom by means of a comparison stage 36, in each of the 

two files (reference file and measurement file) of the 
contributions due to the local variation. Then, knowing this 
correspondence, on the basis of the reference file and the 
measurement file, it is then possible to calculate (stage 

3 5 38) the average slope of the wavefront on each surface 

element intercepted by each subaperture illuminated by the 
wavefront. During this calculation, the positions of the 
spots recorded in the reference file for example are 
subtracted from those recorded in the measurement file and 

4 0 corresponding to the spots originating from the same 

subapertures, making it possible, in the analysis of the 
wavefront, to free oneself from the contributions 
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due to the structure of the array. It is then possible, on 
the basis of measurements of local slopes, to proceed if 
necessary to reconstruction of the phase of the wavefront 
(stage 39) by known means; this stage makes it possible for 
5 example to give the classical geometric aberrations of the 
incident wavefront, and in particular to measure the 
deflection of the wavefront, it being possible for this 
measurement to be given exactly on account of the known 
value of the displacement. 

10 Comparison 36 of the contributions can be carried out 

by various methods. According to a first method, for 
example, an attempt will be made to compare the files with 
one another. It is then preferable for these files to 
contain only the contributions due to the local variations, 

15 i.e. high-frequency contributions, compared to the low- 
frequency contributions such as are due to the wavefront 
being analysed. It is possible to know a priori that the 
reference file only contains the contributions due to the 
local variations; either because the reference file was 

2 0 established directly to contain only these contributions, or 
because the contributions due to the known, slow variations 
were subtracted beforehand. We can then apply, to the 
measurement file (stage 361), a high-pass filter adapted to 
the local variations so as to keep, in the main, only the 

2 5 contributions due to these variations, and compare the 

measurement file after filtering (362) directly with the 
reference file. In Figure 3, this comparison is designated 
363. This comparison makes it possible to determine any 
displacement (365) . If the reference file contains low- 

3 0 frequency contributions, for example if it was established 

by means of a known, non-plane wavefront incident on the 
analyser, it is also possible to apply high-pass filtering 
to the reference file. Advantageously, this filtering is the 
same, as is illustrated in Figure 3. The comparison 363 is 

3 5 then made between the two files after filtering, designated 
362 and 364 in Figure 3. In the example illustrated by 
Figures 2A to 2D, the files before comparison are shown in 
Figure 2C. Curve 23 corresponds to the reference file; it is 
the same as curve 21 in Figure 2A because in this example, 

40 the reference file only contains the contribution due to the 
local variation. On the other hand, curve 24 was obtained 
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after high-pass filtering of curve 22 in Figure 2B; in this 
simple example, filtering just leads to suppression of the 
contribution due to the curvature. The comparison 363 can be 
carried out for example by an operation of correlation 
between the two files after filtering. The result of this 
operation is illustrated in the chosen example by curve 25 
in Figure 2D. This curve gives the result of correlation as 
a function of possible values of displacement (dis) , 
displacement being given as the number of subapertures . It 
is thus a matter of calculating the function: 

f (i) xg (i-dis) 
X 

1 i 

where f(i) is for example the value of the difference 
in the position of the spot originating from subaperture SPi 
in the reference file (possibly after filtering) and g(i- 
dis) is the value of the difference in position of the spot 
originating from subaperture SPi in the measurement file 
after filtering to which a displacement dis has been 
applied. In this example, the correlation peak is found for 
a displacement equal to two subapertures. 

The high-pass filtering 3 61 applied to the measurement 
file and/or to the reference file can be a classical 
filtering on files of points by selecting a cutoff frequency 
adapted to the local variation of the structure of the 
array; this frequency is for example equal to the reciprocal 
of the average pitch of the array multiplied by a given 
number N . N is then chosen large enough to preserve the 
contribution due to the local variation and small enough to 
give maximum suppression of the contribution due to the 
incident wavef ront . Filtering can also consist, in the case 
of a given supporting wavef ront, for example circular, and 
which lends itself well to splitting of the phase of the 
wavef ront on a base of known polynomials, of subtracting 
from the files the contributions due to a given number of 
these polynomials. These may be, for example, Zernike 
polynomials in the classical case of wavefronts with 
circular support. 

According to another method for comparison (36) of the 
contributions due to the local variation, it is not 
necessary to apply high-pass filtering to the one and/or to 
the other of the two files. For example, it is possible to 
apply firstly, 



to one of the two files, a hypothetical value of 
displacement, for example to the measurement file 35 ; then 
subtract the reference file 32 from the file thus obtained. 
Then by iteration of the value of the displacement applied, 
we try to find for what value of displacement the 
contribution due to the local variation (high-frequency) is 
the lowest in the file resulting from the subtraction. 

Of course, other mathematical methods can be used for 
comparing the contributions due to the local variation of 
the structure in the two files, deducing the displacement 
from that . 

Another example of local variations introduced into the 
structure of an array of the device according to the 
invention for application of the method according to the 
invention is described below. Knowing the general form of 
the frequency distribution of the positions of the spots 
corresponding to the incident wavefronts or, what comes to 
the same thing, the form of the frequency distribution of 
the slopes of the wavefronts, we can try to optimize the 
local variations to have the highest probability of 
determining the displacement. This optimization is 
undertaken by adapting this method, which can be applied for 
example to wavefronts with circular support for which it is 
known that the phase splits into a limited number of Zernike 
polynomials. We then look for non-cyclical local variations 
that give rise to a high-frequency contribution, for which a 
theoretical frequency distribution can be given, since the 
general form of the contributions of the wavefronts being 
analysed is known. To calculate the structure of the array 
that corresponds to these local variations, it is possible 
for example to effect a random sampling, on the set of 
subapertures, of the positions of the spots corresponding to 
each subaperture. In the frequency range, this translates 
into a constant distribution which is multiplied by the 
theoretical distribution of the local variations that are 
sought. By taking the inverse Fourier transform of this new 
distribution, we obtain new values of the differences of the 
spots corresponding to the subapertures. These values are 
given using an arbitrary unit and must then be translated in 
a metric scale so that this can be applied in practice to 
the manufacture of the array. 
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Throughout the foregoing, it was assumed that the local 
variation of the structure consisted of a difference in 
positioning of one or more adjacent microlenses. 

It is also possible to consider a variation in size of 
one or more microlenses. This is also translated, in the 
plane of the detector, as differences in the positions of 
the spots originating from the subapertures corresponding to 
these microlenses. 

However, other parameters characteristic of the 
microlenses can be taken for forming the local variation of 
the structure. 

Thus, in another example of an array of microlenses for 
the device according to the invention, the local variation 
of the structure can be a variation of the transmission of 
one or more adjacent microlenses. In this case, the local 
variation is not reflected in differences of positions of 
spots, but in variations of luminous intensity of these 
spots. However, the embodiment of the method according to 
the invention described according to the preceding example 
is equally applicable. The reference and measurement files 
associated with each subaperture will merely need to have, 
in addition to the position of the spots, their intensities, 
and it is the contributions due to the local variation of 
the structure of the array in the intensities of the spots 
that will have to be compared (stage 36 in Figure 3) to 
determine any displacement thereof (37) in number of 
subapertures between these contributions. 

Of course, the different natures of the local 
variations of the structure of the array of the device 
according to the invention can be combined. 
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CLAIMS 



1. A method of analysis of a wavefront based on local 
measurement of the slope of the wavefront, the method 
comprising a stage (34) of acquisition of the wavefront 
consisting of: 

- a stage of detection of the wavefront in particular 
by means of an array (ML) of microlenses (Li) , a detector 
(DET) and signal processing means, each microlens (Li) 
defining a subaperture (SPJ , indexed, and focusing a 
surface element of the wavefront, intercepted by the said 
subaperture, to form a spot (T t ) on the detector supplying a 
signal, a zone (Zj of assumed localization of the spot on 
the detector being defined for each subaperture, 

- a stage of processing of the signal supplied by the 
detector making it possible in particular to establish a 
measurement file (35) associated in particular with each 
subaperture in the localization zone of which a spot is 
detected, the position of this spot, each subaperture being 
referenced by its index, the method being characterized in 
that it includes in addition: 

* prior choice (30) of an array (ML) of microlenses 
exhibiting at least one local variation of its structure, 

* a preliminary stage (31) of characterization of this 
array making it possible to establish a reference file (32) 
in particular associating with each subaperture, referenced 
by its index, the position of the spot originating from the 
said subaperture when the subaperture is illuminated by a 
known wavefront, the file data including a contribution due 
to the local variation of the structure of the array, 

* during each analysis (33) of a wavefront, 

- establishment of the measurement file (35) , the file 
data also including a contribution due to the local 
variation of the array structure, 

- comparison (36) of the said contributions taken from 
each of the two files, this comparison making it possible to 
determine any displacement (37) in number of subapertures 
between these two contributions and deduce therefrom, with 
certainty, the correspondence between a detected spot and 
the subaperture from which it originated, 
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knowing this correspondence, on the basis of the 
measurement file and the reference file, calculation (38) of 
the average slope of the wavefront on each surface element 
intercepted by each subaperture illuminated by the 
5 wavefront. 

2. A method according to claim 1, characterized in that 
the reference file (32) only includes a contribution due to 
the local variation and in that the contribution due to the 
local variation in the measurement file is obtained by 

10 application, to the said file, of high-pass filtering (361) 
adapted to the said variation, the displacement (37) between 
the two contributions then being determined by comparison 
(363) of the reference file (32) and of the measurement file 
after filtering (362) . 

15 3. A method according to claim 1, characterized in that 

the contributions due to the local variation in the 
measurement file and in the reference file are obtained by 
application, to the two files, of the same high-pass 
filtering (361) , the displacement (37) between the two 

20 contributions being determined by comparison (363) of the 
two files after filtering (362, 364). 

4. A method according to one of the claims 2 or 3 , 
characterized in that the phase of the wavefront to be 
analysed being resolvable on a base of known polynomials, 

25 the high-pass filtering (361) applied to a file consists of 
subtracting, from this file, the contributions due to a 
given number of these polynomials. 

5. A method according to one of the claims 3 or 4 , 
characterized in that comparison (363) of the files after 

30 filtering is carried out by means of a correlation 
operation . 

6. A method according to claim 1, characterized in that 
comparison (36) is carried out by applying, to one of the 
two files (32, 35) , a hypothetical value of displacement, 

35 effecting a subtraction between the file thus obtained and 
the other file, and iterating the displacement value applied 
so as to determine for what value of displacement, the 
contribution due to the local variation in the file 
resulting from the subtraction is the smallest. 

4 0 7. A method according to one of the preceding claims, 

characterized in that it comprises in addition a stage (39) 
of reconstruction of the phase of the wavefront, making it 
possible in particular to determine the exact value of the 
deflection of the wavefront. 
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8. A device for wavefront analysis comprising in 
particular an array (ML) of microlenses (Li) , a detector 
(DET) and signal processing means, each microlens (Li) 
defining a subaperture (SPi) , indexed, and focusing a 
5 surface element of the wavefront, intercepted by the said 
subaperture, to form a spot (Ti) on the detector supplying a 
signal, a zone (Zi) of assumed localization of the spot on 
the detector being defined for each subaperture, the 
processing means making it possible to process the signal 

10 supplied by the detector in order in particular to establish 
a measurement file (35) associating in particular, with each 
subaperture in the localization zone from which a spot is 
detected, the position of this spot, each subaperture being 
referenced by its index, the device being characterized in 

15 that: 

* its array (ML) of microlenses has at least one local 
variation of its structure, this array being characterized 
beforehand so as to establish a reference file (32) 
associating in particular, with each subaperture, referenced 

20 by its index, the position of the spot originating from the 
said subaperture when the subaperture is illuminated by a 
known wavefront, the file data including a contribution due 
to the local variation of the structure of the array, 

* the measurement file (35) also includes a 
25 contribution due to the local variation of the structure of 

the array, 

* the processing means permit in addition 

- establishment of the measurement file (35) , the file 
data also including a contribution due to the local 

30 variation of the structure of the array, 

- comparing the said contributions taken from each of 
the two files, this comparison making it possible to 
determine any displacement (37) in number of subapertures 
between these two contributions and deduce therefrom, with 

35 certainty, the correspondence between a detected spot and 
the subaperture from which it originated, 

- knowing this correspondence, on the basis of the 
measurement file and of the reference file, calculation of 
the average slope of the wavefront on each surface element 

40 intercepted by each subaperture illuminated by the 
wavefront . 
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9. A device according to claim 8, characterized in that 
at least one local variation of the structure of the array 
is an uncontrolled defect of the array due to the non- 
reproducibility of the method of manufacture of the array. 
5 10. A device according to claim 8 or 9, characterized 

in that at least one local variation of the structure of the 
array is a controlled variation, introduced during 
manufacture of the array. 

11. A device according to one of the claims 8 to 10, 
10 characterized in that the general form of the frequency 

distribution of the slopes of the wavefront being known, 
local variations are introduced into the structure of the 
array in such a way that the frequency distribution of the 
contribution due to these local variations is adapted to the 
15 said general form. 

12. A device according to one of the claims 8 to 11, 
characterized in that at least one local variation of the 
structure consists of a difference in the position of one or 
more adjacent microlenses, the contributions taken from each 

20 of the two files to be compared (36) being the contributions 
due to the local variation in the positions of the spots. 

13. A device according to one of the claims 8 to 12, 
characterized in that at least one local variation of the 
structure consists of a variation in transmission of one or 

25 more adjacent microlenses, the files (32, 35) in addition 
associating with each subaperture, the intensity of the spot 
originating from the said subaperture, the contributions 
taken from each of the two files to be compared (36) being 
the contributions due to the local variation in the 

30 intensities of the spots. 
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figure 2A 
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